Abstract Purpose: The aim of this study was to explore the presence of the chemokines CCL22 and CCL17 in malignant pleural effusion, and the chemoattractant activity of these chemokines on CD4-positive CD25-positive Foxp3-positive regulatory Tcells infiltrating into the pleural space. Experimental Design: The concentrations of CCL22 and CCL17 in both pleural effusions and sera from 33 patients with lung cancer were determined. Flow cytometry was done to determine T lymphocyte subsets in cell pellets of pleural effusion. Pleural cells were analyzed for the expression of CCL22 and CCL17. The chemoattractant activity of CCL22 for regulatory T cells in vitro and in vivo was also observed. Results: The concentration of CCL22 in malignant pleural effusion was significantly higher than that in the corresponding serum. Pleural fluid from lung cancer patients was chemotactic for regulatory T cells, and this activity was partly blocked by an anti-CCL22, but not by an anti-CCL17 antibody. Intrapleural administration of CCL22 of patients produced a marked progressive influx of regulatory T cells into pleural space. Conclusions: Compared with serum, CCL22 seemed to be increased in malignant pleural effusion, and could directly induce regulatory T cell infiltration into the pleural space in patients with malignant effusion.
The development of inflammatory processes in the pleural space may result in increased pleural vascular permeability leading to the accumulation of fluid enriched in proteins, and the recruitment of cells into the pleural space (1) . Although malignant pleural effusion is more and more common, very little information is available on the immune mechanisms that are involved in its development. An accumulation of lymphocytes, especially CD4-positive T lymphocytes, frequently occurs in malignant pleural effusion secondary to direct pleural involvement and/or metastases from malignancies (2, 3) .
Studies ongoing for more than a decade have provided firm evidence for the existence of a unique CD4-positive CD25-positive T-cell population of ''professional'' regulatory/suppressor T cells that actively and dominantly prevent both the activation and the effector function of autoreactive T cells that have escaped other mechanisms of tolerance (4 -6). CD4-positive CD25-positive Foxp3-positive regulatory T cells are believed to be involved in the control of the local immune response and in the growth of human lung cancer (7 -9). Our previous studies have shown that regulatory T cells infiltrating into human malignant pleural effusion behave as regulatory T cells (10). However, the mechanism by which regulatory T cells infiltrate into malignant pleural effusion is unknown so far. It has been reported that the chemokines CCL22 and CCL17 within the microenvironment of gastric cancer were related to the high frequency of regulatory T cells in tumorinfiltrating lymphocytes, with such an observation occurring in the early stage of gastric cancer (11). In addition, patients with malignant pleural effusion have higher percentages of CCR4-positive CD4-positive T cells than patients with nonmalignant effusions (12). In the present study, we were prompted to evaluate whether chemokine signals, especially the CCL22/ CCR4 axis, might be responsible for the influx of regulatory T cells into the pleural space.
Materials and Methods
Subjects. The study protocol was approved by our institutional review board for human studies, and informed consent was obtained from all subjects. Pleural fluid samples were collected from 33 patients (age range, 34-82 y) with newly diagnosed lung cancer with malignant pleural effusion. Histologically, 22 cases were adenocarcinoma and 11 were squamous cell carcinoma. A diagnosis of malignant pleural effusion was established by the showing of malignant cells in pleural fluid or/and on closed pleural biopsy specimen. The patients were excluded if they had received any invasive procedures directed into the pleural cavity or if they had suffered chest trauma within 3 mo prior to hospitalization or had a pleural effusion of undiagnosed cause. At the time of sample collection, none of the patients had received any antituberculosis therapy, anticancer treatment, corticosteroids, or other nonsteroid anti-inflammatory drugs.
Sample collection and processing. The pleural fluid samples were collected in heparin-treated tubes from each subject, using a standard thoracocentesis technique within 24 h after hospitalization. Ten milliliters of venous blood were drawn simultaneously. Malignant pleural effusion specimens were immersed in ice immediately and were then centrifuged at 1,200 g for 5 min. The cell-free supernatants of malignant pleural effusion and serum were frozen at -80jC immediately after centrifuge for later determining concentrations of CCL22 and CCL17. The cell pellets of malignant pleural effusion were resuspended in HBSS, and mononuclear cells were isolated by Ficoll-Hypaque gradient centrifugation (Pharmacia) to determine the T cell subsets within 1 h. A pleural biopsy was done when the results of the pleural fluid analysis were suggestive of malignancy.
Flow cytometry. Four-color flow cytometry was done to determine phenotypes in T cells in malignant pleural effusion and blood. Foxp3, CCR4, or CCR8 expression by CD3-positive CD4-positive CD25-positive T cells was analyzed after staining with anti-CD3-allophycocyanin (UCHT1), anti-CD4-fluorescein isothiocyanate (RPA-T4), anti-CD25-Cy-chrome (M-A251), as well as anti-Foxp3-phycoerythrin, anti-CCR4-phycoerythrin, or anti-CCR8-phycoerythrin monoclonal antibody (mAb). All mAbs and controls were purchased from BD PharMingen, except for the anti-Foxp3 mAb (eBioscience) and were used according to the manufacturers' instructions. Briefly, cells were incubated in the dark at room temperature for 30 min with mAbs at the concentrations recommended by the manufacturers, washed once in fluorescence-activated cell sorter buffer (calcium/magnesium-free HBSS containing 1 mg/mL bovine serum albumin and 0.1 mg/mL sodium azide), and fixed with 2% formaldehyde. In addition, intracytoplasmic staining for human Foxp3 was done using the anti-Foxp3 staining kit (eBioscience), according to the manufacturer's instructions. Flow cytometry was carried out on a Coulter Epics XL-MCL flowcytometer using System II software (Beckman Coulter).
Measurement of CCL22 and CCL17. The concentrations of CCL22 and CCL17 in both pleural fluids and sera were measured by a sandwich enzyme-linked immunosorbent assay kit according to the manufacturer's protocol (R & D Systems Inc.). All samples were assayed in duplicate. The lower detection limits of CCL22 and CCL17 were 62.5 ng/L and 1.0 ng/L, respectively.
Identification of pleural cells able to express CCL22. Double immunofluorescence staining was done on cell pellets of malignant pleural effusion to identify which cell types express CCL22. The cell pellets were fixed in freshly made 4% paraformaldehyde/PBS for 2 h, and washed three times in PBS. The cell pellets were first embedded in 8% agarose gel (Richard-Allan Scientific) and then in paraffin according to standard pathology protocols. The paraffin-embedded cell lines were cut into 4-to 5-Am-thick sections. After permeabilizing with 0.1% triton X-100 in PBS for 15 min at room temperature and washing with PBS, slides were incubated with 10% goat serum (ScyTek) in PBS at 4jC overnight. The primary antibodies were as follows: rabbit polyclonal antibody targeted against human CCL22 (Abcam), mouse antihuman CD3 mAb (Biolegend), specific for T cells; mouse anti-CD163 mAb (Thermo Fisher Scientific Anatomical Pathology), specific for mononuclear phagocytes; and mouse antihuman epithelial membrane antigen (EMA) mAb (Thermo Fisher Scientific Anatomical Pathology) to identify malignant cells. Appropriate species-matched antibodies were used as isotype controls. As secondary antibodies, rhodaminelabeled affinity-purified goat antirabbit IgG was used for labeling the rabbit CCL22 antibody, and fluorescein-labeled affinity-purified goat antimouse IgG was used for labeling the mouse anti-CD3, anti-CD163, anti-EMA mAbs. After nonspecific binding sites were blocked with goat serum, the slides were incubated at 4jC overnight with 1:50 concentrations of primary antibodies as recommended by the manufacturer. After washing, the slides were incubated with selected secondary antibodies for 40 min at room temperature in the dark, correctly matched to the appropriate species, and viewed under imaging fluorescence microscope (Olympus BX51).
Cell isolation. Human regulatory T cells were isolated from healthy control blood donors by Ficoll separation and magnetic bead sorting
Translational Relevance
Regulatory T cells have been found to be increased in malignant pleural effusion, but the mechanism by which regulatory T cells infiltrate into pleural cavity is unknown. We provide evidence for the first time that the chemokine CCL22 is capable of directly inducing regulatoryTcell infiltration into the pleural space of patients with malignant pleural effusion. Because regulatory T cells have an inhibitory effect on the surrounding effector T cells, the elimination of the local regulatory T cells might be an effective therapeutic approach against malignant pleural effusion. Regulatory T cell chemotaxis assay. Chemotaxis assays were done using 8-Am pore polycarbonate filters in 24-well Transwell chambers (Corning; Costar). Briefly, transwell membranes were coated with fibronectin (5 Ag/mL; Chemicon) for 30 min at 37jC. Regulatory T cells isolated from peripheral blood were added to the top chamber resuspended in RPMI medium plus 0.5% bovine serum albumin at 1 Â 10 6 cells/mL in a final volume of 100 AL. Malignant pleural effusion from five lung cancer patients were placed in the bottom chamber of the transwell in a volume of 600 AL, and the chamber was incubated at 37jC in 5% CO 2 atmosphere for 3 h. At the end of incubation, the filter was washed with HBSS lightly, fixed, stained, and mounted on a glass microscope slide. To correct for donor-to-donor variation, migration data of test samples were compared with their corresponding control values (HBSS alone) and expressed as percentages above the control value. To show that CCL22 or CCL17 was responsible for regulatory T cell migration, blocking experiments were done by mixing the malignant pleural effusion with 100 ng/mL of anti-CCL22, anti-CCL17 mAb or mouse IgG irrelevant isotype control (R&D Systems Inc.).
Effects of intrapleural-injected CCL22 on regulatory T cell recruitment. After an additional study protocol had been approved by our institutional review board and informed consent had been obtained from the subjects studied, a total of 10 patients with malignant pleural effusion (6 men) were included in this section of study. Right after collection of malignant pleural effusion samples, 10 Ag of recombinant human CCL22 (R&D Systems Inc.) in vehicle (0.1% human serum albumin in 0.9% saline) were injected into the pleural space of five Fig. 2 . The expression of CCR4 (A) and CCR8 (B) on CD4-positive CD25-positiveTcells and/or CD4-positive CD25-negativeTcells in peripheral blood (PB) and in pleural effusion (PE) from patients with malignant PE (n = 7 for CCR4, n = 6 for CCR8) and healthy controls (n = 6). Comparisons of CCR4 or CCR8 expression between CD4-positive CD25-positiveTcells and CD4-positive CD25-negativeTcells from the same specimens were made using a Wilcoxon signed-rank test. Comparisons of data of PB between patients with malignant PE and controls were made using a Mann-Whitney U-test. Comparisons of CCL22 and CCL17 levels between malignant pleural effusion and sera were made using a Wilcoxon signed-rank test.
patients, and vehicle only was injected into the pleural space of the other five patients. The intrapleural injection of CCL22 or vehicle was randomized. The dose of CCL22 was based upon a preliminary study involving two malignant pleural effusion patients. Malignant pleural effusion collection for determining regulatory T cell numbers by flow cytometry was repeated 6, 12, 24, and 48 h after the injection of CCL22 or vehicle.
Statistics. Data are expressed as mean F SE. Comparisons of the data between different groups were done using a Mann-Whitney U-test or Kruskal-Wallis one-way ANOVA on ranks. For data on malignant pleural effusion and corresponding serum, paired data comparisons were made using a Wilcoxon signed-rank test. The effects of intrapleural-injected CCL22 or vehicle on regulatory T cell recruitment were compared through one-way repeated-measures ANOVA. Analysis was completed with SPSS version 14.0 Statistical Software, and P < 0.05 was considered to indicate statistical significance.
Results
Regulatory T cells in malignant pleural effusion. The percentages of lymphocytes in total nucleated cells in malignant pleural effusion (48.3 F 1.1%) and the corresponding peripheral blood (24.8 F 1.1%) are illustrated in Fig. 1A . The percentages of lymphocytes represented the higher values in malignant pleural effusion, showing a significant increase in comparison with those in blood (Wilcoxon signed-rank test, Z = -5.012; P < 0.001). Consistent with our previous findings (10), a significant increase in regulatory T cells was observed in malignant pleural effusion (19.5 F 1.2%) compared with blood (8.1 F 0.6%; Wilcoxon signed-rank test, Z = -4.869; P < 0.001; Fig. 1B) . The vast majority of pleural CD4-positive CD25-positive T cells (87.8 F 4.5%) expressed CCR4 on their surface, whereas less infiltrating CD4-positive CD25-negative T cells were CCR4-positive cells (66.2 F 5.8%; P = 0.018). Similar results with CCR4 expression were also observed in blood CD4-positive CD25-positive T cells from patients with malignant pleural effusion. Interestingly, in normal control subjects, CCR4 expression in blood CD4-positive CD25-positive T cells was lower uniformly than that in CD4-positive CD25-negative T cells (Fig. 2A) . In addition, only a quite low expression of CCR8 could be detected in pleural CD4-positive CD25-positive T cells in some cases of patients with malignant pleural effusion (Fig. 2B) , and no CCR8 expression could be observed in CD4-positive CD25-negative T cells.
CCL22 and CCL17 were detected in malignant pleural effusion. Our data showed that CCL22 concentration in malignant pleural effusion (740.6 F 89.4 ng/L) was much higher than that in serum (410.6 F 38.9 ng/L; P < 0.001;
Fig. 4. Expression of CCL22 in malignant cells (top), macrophages (middle), and T lymphocytes (bottom). Malignant cells (A), macrophages (D)
, and Tcells (G) were incubated with mouse antiepithelial membrane antigen, anti-CD163, and anti-CD3 mAbs, respectively, and then were stained with fluorescein-labeled goat anti-mouse IgG (green). CCL22 expression was detected by rabbit polyclonal Ab targeted against CCL22 and then rhodamine-labeled goat antirabbit IgG (red ; B, E, H). Identification of pleural cells able to express CCL22. To identify the phenotype of pleural cells expressing for CCL22 protein, we did double immunofluorescence staining on cells recovered from malignant pleural effusion. In the present study, the significant expression of CCL22 was found in all cancer cells identified by anti-EMA mAb, most of mononuclear phagocytes identified by anti-CD163 mAb, and most of T lymphocytes identified by anti-CD163 mAb (Fig. 4) . These data suggested that malignant cells, macrophages, and T cells might be the cell sources of pleural CCL22.
Malignant pleural effusion was chemotactic for regulatory T cells. Our results showed that malignant pleural effusion exerted a potent chemoattractant activity for regulatory T cells (Fig. 5) . To determine whether CCL22 or CCL17 was responsible for the recruitment of regulatory T cells, the ability of an anti-CCL22 or CCL17 mAb to neutralize the chemoattraction of regulatory T cells was tested. We noted that the anti-CCL22, but not the CCL17 mAb, significantly suppressed regulatory T cell chemotaxis. These data provided indirect evidence that CCL22 might be capable of inducing regulatory T cell recruitment into the pleural space of patients with malignant pleural effusion.
Recruitment of regulatory T cells into malignant pleural effusion caused by CCL22. To investigate the direct chemoattractant capacity of CCL22 to recruit regulatory T cells, we injected human recombinant CCL22 into the pleural space of the patients with malignant pleural effusion, and then observed the changes in regulatory T cell numbers using flow cytometry. Compared with baseline value (18.6 F 4.4%), no significant increase in the number of regulatory T cells could be seen at 6 hours (18.7 F 4.6%; P > 0.05) after intrapleural CCL22 injection. The number of regulatory T cells increased with time, reaching statistical significance at 12 hours (22.7 F 4.2%; P < 0.01), and reaching a maximum at 24 hours (29.9 F 3.3%; P < 0.01). This significant regulatory T cell infiltration lasted at least 48 hours (28.7 F 3.5%; P < 0.01; Fig. 6 ). After vehicle only was injected into the pleural cavity, we did not observe increases of regulatory T cell counts in malignant pleural effusion obtained at 4 time points when compared with baseline measurement before injection (all P > 0.05).
Discussion
Malignant pleural effusion is frequently observed in lung cancer, and a diagnosis of malignant pleural effusion in lung cancer carries a poor prognosis (14, 15) . In malignant pleural effusion, CD4-positive T cells are dominant, and the proportion of CD8-positive T cells is significantly lower than that of CD4-positive T cells (16) . In contrast, the proportion of CD4-positive T cells in the pleural cavity of patients with lung cancer without malignant pleural effusion is significantly lower than that of CD8-positive T cells (17) . Invasion of cancer cells into the pleural cavity may be affected by both the nature of the cancer cells and the host factors of patients with lung cancer. Our previous study has shown that regulatory T cell numbers in malignant pleural effusion were much higher than those in pleural lavage fluid from lung cancer patients without malignant effusion, as well as those in peripheral blood (10). Our data further revealed that pleural regulatory T cells could potently suppress the proliferation of responding T cells, and cytotoxic lymphocyte-associated antigen-4 was involved in the suppressive activity of pleural regulatory T cells (10). In the present study, we also observed the similar results that regulatory T cells were overrepresented in malignant pleural effusion. This raised the question of whether these regulatory T cells could be recruited from the circulation. We therefore determined what chemokines and chemokine receptors were involved in the chemotaxis of these pleural regulatory T cells. or anti-CCL17 mAb. * P < 0.05, compared with the corresponding group without anti-CCL22 mAb were determined by Kruskal-Wallis one-way ANOVA on ranks. It has been reported that the long-term effects of adoptively transferred regulatory T cells induced ex vivo are due to their ability to generate new cytokine-producing regulatory T cells in vivo (18) . It is possible that tumor-related factors induce transient Foxp3-positive T cells from CD4-positive CD25-positive Foxp3-negative effector T cells; however, their suppressive function is thought to be temporary, not intrinsic and unstable (19, 20) . On the other hand, tumor-induced expression of addressins on the surface of endothelial cells allows a selective transmigration of regulatory T cells from peripheral blood to tumor tissues (21). It has been shown that human regulatory T cells preferentially move to and accumulate in tumors and ascites, but rarely enter draining lymph nodes in later cancer stages (22). We speculated that an increased percentage of regulatory T cells in malignant pleural effusion might be due to active recruitment or local differentiation. In the previous study, we provided direct evidence that interleukin-16 is capable of inducing CD4-positive T cell infiltration into the pleural space (23). Therefore, as a subpopulation of CD4-positive T cells, regulatory T cells might also be recruited into malignant pleural effusion by local production of interleukin-16, because interleukin-16 level is significantly higher in malignant pleural effusion than in serum (23).
Although chemokine receptors are important for T cell migration, it has been unclear how they are regulated in regulatory T cells. It has been reported that regulatory T cells migrate toward the malignant tumor microenvironment in a process mediated by chemokines CCL22 and/or CCL17 (11, 22, 24) . In the present study, we were prompted to evaluate whether pleural CCL22 or CCL17 might be responsible for the influx of regulatory T cells into the pleural space. Our results showed that CCL22 level in malignant pleural effusion was significantly higher than that in corresponding serum, and that malignant cells, macrophages, and T cells might be the cell sources of pleural CCL22. Moreover, consistent with the previous results (25, 26), our data also showed that regulatory T cells in peripheral blood strongly express CCR4, a chemokine receptor for CCL17 or CCL22, on their surface as compared with effector T cells. The above data suggested that CCL22 in malignant pleural effusion might be related to the accumulation of regulatory T cells in malignant pleural effusion. Indeed, an in vitro migration assay in the present study further confirmed that malignant pleural effusion could induce the migration of regulatory T cells, and that an anti-CCL22 mAb inhibited the ability of the malignant pleural effusion to stimulate regulatory T cell chemotaxis. The important findings in this study also included that intrapleural administration of 10 Ag human recombinant CCL22, not vehicle, of patients with malignant pleural effusion produced a marked progressive influx of regulatory T cells into pleural space. Therefore, in the present study we have provided the direct evidence for the first time that CCL22 was able to chemoattract regulatory T cell recruitment into pleural space.
Although it cannot be excluded that overrepresentation of regulatory T cells in malignant pleural effusion may be due to increased local antigen stimulation, our findings have shown that CCL22 in the pleural space is an important phlogistic agent, and that CCL22 is capable of inducing migration of regulatory T cells to the pleural space. Because regulatory T cells have an inhibitory effect on the surrounding effector T cells, the elimination of the local regulatory T cells might be an effective therapeutic approach against malignant pleural effusion. Now, an anti-CCR4 mAb could be an ideal treatment modality for patients with CCR4-positive neoplasms (27, 28) and could also be used as a novel strategy for treatment of a variety of other diseases, such as malignant pleural effusion, to overcome the suppressive effect of CCR4-positive regulatory T cells.
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